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Although wire arc additive manufacturing (WAAM) of Ti alloys using gas metal arc yields a
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high deposition rate, cathode spots exhibit unstable behavior. In this study, the cold-metal-
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transfer process and an electrode-negative (EN) polarity were used in the WAAM process of

Available online 10 May 2022

the Tie6Ale4V alloy. High-speed imaging was performed to investigate the mechanisms to
stabilize cathode plasma jets, arc plasma, and molten metal transfer in the EN polarity. Arc

Keywords:

plasma and cathode jets had the same direction, and sound cathode jets were shrouded by

Wire arc additive manufacturing

arc plasma in the EN mode. The metal transfer was also stabilized by balanced plasma

Ti alloy

formation under the EN mode, and inconsistent wire melting under the electrode-positive

Cold metal transfer

(EP) mode was mitigated. In the deposition test using the EN mode, distributed heating of

Electrode-negative polarity

the substrate and depressed molten pool were observed, which resulted in a 21.0% increase

Plasma

in the bead width and 27% decrease in the wetting angle compared with the EP mode. This

Wire melting

study demonstrated that the instability of the gas metal arc WAAM process of Ti alloys can
be overcome with the EN-mode cold metal arc process.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.

Introduction

Additive manufacturing (AM) is suitable for small batch production. AM technology is widely used for rapid prototyping
[1,2] and the direct printing of functional components.
Metallic components can be developed using powder fusion,
wire melting [3], and, occasionally, sheet lamination [4].
Among them, wire-based AM processes are used to achieve
higher deposition and material efficiency as well as lower

surface roughness than those of powder-based processes [5,6].
Various heat sources, such as an electric arc, a laser beam, and
an electron beam, have been introduced in wire-based AM.
Wire arc AM (WAAM) [7] is a low-cost well-established process
with a monitoring and control technique that can be used to
achieve high deposition rate. Therefore, WAAM has received
considerable research attention; for example, more than 10
review papers have been published on WAAM in 2021 [8e20].
Gas metal arc (GMA), gas tungsten arc (GTA), and plasma
arc (PA) are typically used as heat sources in WAAM. When

* Corresponding author.
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2238-7854/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creative
commons.org/licenses/by-nc-nd/4.0/).

686

j o u r n a l o f m a t e r i a l s r e s e a r c h a n d t e c h n o l o g y 2 0 2 2 ; 1 9 : 6 8 5 e6 9 6

using conventional free-flight and short-circuit metal transfer
modes, GMA-based WAAM processes exhibit two or three
times higher deposition rate than other WAAM processes.
However, GMA-based WAAM exhibits low metal transfer
stability [21]. To enhance metal transfer and reduce spatter
generation, the cold-metal-transfer (CMT) GMA process was
proposed as a variant of the short-circuit mode GMA process
in which controlled reciprocating wire feeding is used [22].
During the CMT process, spattering in short-circuit and rearcing phases was successfully prevented by mechanical
wire retraction and arc current control, and arc sensing
capability was preserved despite active current control [23].
AM is typically used for titanium alloys because
manufacturing such alloys using conventional forming,
welding and machining techniques is difficult. In GMA process
of Ti alloys, electrons are emitted from the cathode through
thermionic-type emission, whereas steel and aluminum alloys exhibit a nonthermionic-type electron emission mechanism [24]. During the constant-voltage GMA process with the
electrode-positive (EP) polarity, molten Ti droplets impinging
into the weld pool increase the pool surface temperature. A
strong plasma jet is generated at the droplet impinging location, which repels droplets out of the molten pool [25]. GTAbased WAAM, in which the electrode-negative (EN) polarity
is used, is preferred in AM of Ti alloys because of limited
spattering despite limited deposition efficiencies [7,26]. A
CMTeGMA AM process [27,28] and laser stabilization of the
cathode spot location were introduced in the AM of Ti alloys to
utilize GMA process for suppressing spatters [29].
The EN polarity during the GMA process can enhance the
electrode melting rate. However, in the free-flight mode, the EN
GMA process is limited to the variable polarity (VP) mode
because of the difficulty in drop detachment [30,31]. Moreover,
the VP GMA process is inherently sophisticated and sensitive
because it has numerous pulse parameters for both the EN and
EP modes. By contrast, in the VP- or EN-mode CMTeGMA process, a short-circuit mode metal transfer is adopted to avoid the
drop detachment issue in the free-flight mode [32]. Zhang et al.

[33] evaluated the effects of arc modes such as EN CMT mode,
EN CMT pulse mode, and VP CMT mode on the microstructure
and strength in GMA-based WAAM of Al alloy. Klein and
Schnall [34] revealed the WAAM of Al alloys using the VP mode
CMTeGMA process, which confirmed the microstructure control according to the VP parameters. Hwang et al. investigated
the effect of the EP/EN ratio in Al 5183 WAAM using the VP
mode CMTeGMA process [35]. However, to the authors' best
knowledge, only one study focused on the VP- or EN-mode
CMTeGMA process for WAAM of Ti alloy. Choudhury et al.
[36] revealed that the arc stability increased when using
CMTeGMA EP and EN modes and concluded that investigation
on the arc behaviors is necessary in the future.
In this study, the CMTeGMA process for Tie6Ale4V WAAM
was investigated in the EP and EN modes. Symmetric pulse
waveforms with the same amplitude and period were implemented for both modes. Current and voltage waveforms and
high-speed images were analyzed to elucidate plasma, droplets, and molten pool behaviors, and the deposition characteristics for the EP and EN modes were discussed.

2.

Experimental setup

Tie6Ale4V solid wire (AWS ER Ti-5) with a diameter of 1.2 mm
was deposited on the Tie6Ale4V alloy (ASTM grade 5) substrate with a thickness of 5 mm. Prior to deposition, the

Table 1 e Chemical compositions of deposition wire and
Tie6Ale4V substrate.
Wire: ER Ti-5
Ti
89.4

Al
6.20

Unit: wt%
V
3.95

C
0.008

Fe
0.15

N
0.001

Substrate: Tie6Ale4V
Ti
89.0

Al
6.36

V
3.95

O
0.13
Unit: wt%

C
0.011

Fe
0.18

N
0.011

O
0.01

Z-direction

Travel
direction
Deposition
torch
X-direction

Deposition layer

Substrate

Shielding gas
Arc

120 mm

150 mm
Fig. 1 e Schematic configuration of deposition system.

5 mm
CTWD
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substrate surface with dimensions of 150 mm  60 mm was
ground with a stainless brush and then cleaned with ethanol.
The chemical compositions of the deposition wire and substrate are presented in Table 1.
The deposition system consisted of a power source (CMT
4000 Advanced, Fronius, Austria), wire-feeding unit (VR 7000
CMT, Fronius, Austria), robotic torch system (Robacta Drive
CMT, Fronius, Austria), and six-axis articulated robot (KR 100-3,
KUKA, Germany). The torch work angle was 0 , and the contact
tip-to-workpiece distance was 15 mm (Fig. 1). Argon shielding
gas with a purity of 99.9% was supplied at a flow rate of 20 L/min.
A special wire melting CMT process was implemented. In
the CMT mode, the power source monitors the deposition
wire for short-circuit conditions. In synchronization with
short-circuiting, electric current and wire feeding were
controlled using a built-in database program called a “synergic line”. A pulse current period included the arcing phase
and short-circuit phase, and the current waveforms were
implemented in the EP, EN, and VP modes (Fig. 2). In the
synergic line, an average wire-feeding speed is an independent variable, and several parameters for the current waveform and wire feeding were stored according to the average
wire feed speed. Detailed description of the CMT modeparameter design is provided in [32,37]. In this study, deposition was conducted in the EN and EP modes, which exhibit
symmetric waveforms with same pulsing parameters and
opposite polarity. The details of waveforms are presented in
Table 2. The filler wire was deposited for a length of 120 mm
under a torch travel speed of 0.3 mm/s and an average wire
feed speed of 9.0 mm/s.
The arc behavior and wire melting phenomena were
recorded by using two high-speed cameras, a monochromatic
camera and a color camera, with horizontal viewing angles
(Fig. 3). The arc current and voltage waveforms were digitized
using an A/D converter in sync with high-speed imaging. An

illumination laser with a wavelength of 808 nm and power of
100 W was used to avoid arc interference. An 808-nm band
pass filter with a full-width at half-maximum (FHWM) of 3 nm
was used in the monochromatic high-speed imaging. The
color high-speed camera had a measuring wavelength band
under 700 nm, and a neutral density filter with a filter factor of
500 was used. The sampling frequency for high-speed imaging
was 5000 frames per second, and the sampling frequency for
current and voltage measurement was 50 kHz. To observe the
molten pool behavior clearly, monochrome high-speed imaging was conducted with a higher viewing angle under the
same welding conditions as arc and wire melting observations
(Fig. 4), where an 808-nm band pass filter with FWHM of 10 nm
was used. The cross-sectional bead shapes were observed
after sectioning. Sections were polished and etched with a
1 mL HF and 1.5 mL HCl solution.

3.

Results and discussion

3.1.

Plasma behavior and wire melting

During the arc phase of the EP mode CMTeGMA process, two
distinguishable plasmas were observed. A strong plasma jet
with high brightness, called a cathode jet, was established
from the cathode spot on the molten pool surface toward the
end of molten tip of the deposition wire. The other plasma is a
weak arc plasma jet that originated from supplied shielding
gas (Fig. 5a). When the short-circuit was broken and arc was
reignited (the second column images of Fig. 5a), a cathode spot
appeared and concentrated on the molten pool surface, and a
small cathode jet was developed from the cathode spot. During the boost duration time, the filler wire was mechanically
retracted, and the arc current increased. The brightness and
length of the cathode jet also increased with time, and the

Fig. 2 e Schematic diagram of current waveform parameter. (a) EP mode; (b) EN mode.

Table 2 e Pulse shape parameters.
Boost current (Ib)
245.0 A
Boost up (current rising)
300.0 A/ms

Waiting current (Iw)

Detachment current (Id)

Boost duration time (tb)

96.0 A
Tau boost up
0.1 ms

80.0 A
Boost down (current down)
300 A/ms

4.7 ms
Tau boost down
0.2 ms
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Fig. 3 e Schematic diagram of high-speed cameras setup to record the arc behavior and the wire melting phenomena in this
study. (a) y-z plane (monochromatic high-speed and color high-speed camera are located horizontally from the welding
torch in y axis direction); (b) x-y plane (monochromatic and color high-speed cameras are located symmetrical from the
deposition torch in axis direction).

cathode jet was ejected even out of the arc plasma boundary
during the mid-to-late boost duration time. In the waiting
time, the brightness and length of the cathode jet decreased
because of the decreased current and wire forward feeding, in
which the cathode jet was constricted within the arc.

By contrast, in the EN mode, a cathode jet was generated
from the cathode spot on the molten droplet at the end of filler
wire, and it was aimed at the molten pool. A weak arc plasma
jet surrounding the cathode jet was coaxially formed (Fig. 5b).
The brightness and length of cathode jet increased with time

Fig. 4 e Schematic diagram of high-speed cameras setup to record the molten pool behavior. A monochromatic high-speed
camera and an illumination laser are located with inclination angles of 45 and 30 from the horizontal plane, respectively.
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Fig. 5 e High speed images of arc and wire melting behavior with current and voltage waveform according to polarity. (a) EP
mode; (b) EN mode.

during the boost duration time and subsequently decreased
during the waiting time. However, the cathode jet was
observed to be always within the arc boundary for all arcing
phase. The molten pool was depressed by the strong hydrodrag force of the cathode jet during the boost phase.
Stable and periodic current waveforms were confirmed
at the EP and EN modes (Fig. 6). Although same “synergic”
parameters were applied for both modes, the arcing and
short-circuit periods differed for both modes. The average
arcing periods were 7.90 and 6.24 ms for the EP and EN
modes, respectively. In the arcing period, the boost duration
times were almost same, but shorter waiting time was
observed in the EN mode because the arc length was shorter
in the EN mode. In the CMT mode, the arcing phase is

programmed to be transited to the short-circuit phase
adaptively when short-circuiting occurs. The standard deviations of the entire periods of EP and EN modes were 0.32
and 0.26 ms, respectively, which confirmed the periodic
stability for both modes.
The behaviors of the cathode spot, cathode jet, and wire
melting in both modes were compared as follows.
The cathode jet exhibited dynamic behaviors during the
arcing phase; the volume and brightness of cathode jet
changed with the magnitude of the arc current. The cathode
jet was initiated from cathode spots on the cathode surface. In
the Tie6Ale4V alloy, electrons are emitted at cathode spots by
thermionic emission [24]. The current density, j can be
expressed by the following RichardsoneDushman equation:
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Fig. 6 e Current and voltage waveforms according to polarity. (a) EP and (b) EN current profile.
 e∅
;
J ¼ AT2 exp 
kT

(1)

where A is the Richardson constant, T is the temperature, e is
the charge of an electron, ф is the thermionic work function of
cathode surface, and k is the Bolzmann's constant. Because
the current density is proportional to the temperature of the
cathode surface, electron emission is concentrated on the
high temperature region of the cathode surface.
The cathode jet was constrained within a stable arc plasma
in the EN mode, whereas arc plasma stability was disturbed in
the EP mode. In the EP mode, a highly concentrated cathode
jet was generated from the center of the molten pool, which
exhibited the highest temperature because of arc and droplet
heating (Fig. 7a) [25]. The upward cathode jet collided with the
downward arc plasma developed along the shielding gas flow.
Because of the interaction, the cathode jet deviated out of the
arc plasma, disturbing the arc plasma stability.
In the EN mode, the cathode spot was located on the bottom of the molten droplet hanging on the wire, where the heat
transfer from the arc plasma to the wire was concentrated
(Fig. 7b). The cathode jet was established from the cathode
spot to the anode in the same direction as the arc plasma. In
EN-mode GMA welding, a stable metal transfer was seldom
achieved because of droplet repelling by the cathode jet and
insufficient side electron condensation into the wire [38].
However, stable metal transfer was observed in the CMT
mode, which enabled a controlled short-circuit mode metal
transfer.
The location of cathode spots varied irregularly with
time in the EP mode, whereas it was stable in the EN mode.
In the EP mode, the cathode spot was located on the weld
pool surface, and the arc and droplet heating could change
the temperature profile of the weld pool surface and the

location of cathode spots [25,39]. By contrast, a strong
cathode jet from the molten pool caused deviations in the
magnitude and location of heat transfer from the arc and
molten droplet to the molten pool. Although the cathode
spot was located at the short-circuit position when the arc
was ignited at the beginning of the arcing phase, it moved
in a floating manner during the boost duration time of the
arcing phase; multiple cathode spots also appeared
(Fig. 8a).
In the EN mode, cathode spots were located on the bottom
surface of the molten droplet with the highest temperature
(Fig. 7b), where the arc heating was consistently concentrated.
The cathode spot locations were aligned with the center of the
fed-wire end during the boost phase (Fig. 8b). The anode
location fluctuated only slightly on the molten pool surface,
and the stability of the cathode jet was considerably improved
compared with that in the EP mode.
In the EP mode, inconsistent wire melting was caused by
irregular cathode jets. The direction, magnitude, and number
of cathode jets varied in the EP mode (Fig. 8a), which deflected
the arc plasma and also varied heat input into the filler wire. In
successive periods, the location of cathode spot had a difference of 0.6 mm, which was approximately same as the
diameter of the filler wire (Fig. 9a, b). The direction of the
cathode jet was changed from the right, far away from the
filler wire to the left, adjacent to the filler wire, which also
deflected PA asymmetrically. Kim et al. reported that the
cathode jet repelled the hanging droplets [40]. Synchronized
monochromatic images of wire melting behavior revealed
clear differences in the wire melting rate and shape of hanging
molten droplets (Fig. 9a,b). In the EN mode, consistent wire
melting was observed because stable cathode spots were
located on the bottom of the hanging droplets (Fig. 9c), where
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Cathode (-)
Electron path

Wire
Induced
plasma jet
generate on
droplet surface

High
temperature
area
Electron out
by thermionic
emission

Substrate

Anode (+)
(b)
Fig. 7 e Schematic diagram of cathode jet generation mechanism according to polarity. (a) EP and (b) EN.

heat transfer through arc heating was concentrated, which
increased its temperature and induced thermionic emission.
The location of the anode spots varied with time in the EN
mode (Fig. 8b); however, its influence was considerably lower
than that of the cathode spots in the EP mode.

3.2.

Molten pool behavior and bead shape

The front molten pool and the rear pool exhibit distinct widths
in the EP mode, whereas the half-cylindrical shape molten
pool and consistent pool widths were observed in the EN
mode (Fig. 10). The molten pool in the EP mode exhibited a

finger-like shape, where the molten pool was narrow in the
vicinity of cathode spots and the width increased gradually
and then became consistent. At the detachment time, which
is a part of the short-circuit period, the shape of the molten
pool was clearly observed without plasma interference. The
widths of the front and rear pools were 4.6 and 6.6 mm,
respectively, in the EP mode (Fig. 11a). The narrow front pool
was caused by heat concentration because of the cathode spot
location in the EP mode (Fig. 8a). By contrast, the molten pool
width was consistently 5.8 mm in the EN mode (Fig. 11b). The
downward cathode jet and arc plasma heating transferred
heat into a large area of the molten pool (Fig. 8b). A higher
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Fig. 8 e Arc behavior during GMA deposition process: (a) unstable arc formation and cathode spot movement in the EP mode;
(b) stable arc formation and cathode spot location in the EN mode.

Fig. 9 e Wire melting behavior according to the offset of cathode spot location and polarity. (a) 0.7 mm offset and EP polarity,
(b) 1.3 mm offset and EP polarity, and (c) EN polarity.
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Fig. 10 e High speed image of molten pool behavior according to polarity during deposition process.

distribution parameter in the EN mode resulted in wide and
consistent molten pool shape. The pool depression was pronounced during the boost duration time with high arc current

(Figs. 10 and 12c), and the pool depression was recovered
during the waiting time with low arc current (Figs. 10 and 12d).
In the EP mode, the cathode jet was concentrated on the

Fig. 11 e High speed image of molten pool behavior during short circuit period. (a) DCEP and (b) DCEN.

(a)

(b)

(c)

(d)

Fig. 12 e Melting pool depression by arc pressure: (a) boost duration time (EP), (b) waiting time (EP), (c) boost duration time
(EN), and (d) waiting time (EN).
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Travel speed (m/min)
0.5

0.7

0.9

1.1

DCEP

0.3

1.3

1.5

Humping
bead

-

DCEN

3 mm

Humping
bead
Fig. 13 e Cross section image of deposition layer depending on welding speed and polarity.

Fig. 14 e Dimension of layer geometry measured from cross section depending on welding speed and polarity. (a) Bead
width and (b) wetting angle.

center of the molten pool, but upward, so the pool depression
was not observed (Fig. 12a).
The difference in the heat transfer and molten pool
depression influenced the deposition bead shape. The interface bead width, melting depth, and deposit wetting angle
were dependent on the travel speed and polarity (Fig. 13). The
interface bead width between the substrate and the deposit
decreased with the travel speed. Slightly higher travel speed
without humping was achieved in the EN mode. The interface
bead width was 21.0% higher and the wetting angle was 27.0%
lower in the EN mode than in the EP mode at the same process
parameters (Fig. 14). In particular, at a low travel speed, the
concentrated heating on the molten pool in the DCEP mode
leads to a mushroom-like deposit with a wetting angle of more
than 90 . An excessive wetting angle can cause roughness on
the side of the deposit structure, and the unnecessary waviness on the side wall should be removed by proper subtractive
processes. In summary, the concentrated heating on the
central molten pool in the EP mode caused disadvantages in
AM, such as narrow interface bead width and higher wetting
angle, which was dissolved by more distributed heating and
pool depression in the EN mode (Fig. 14).

4.

Conclusion

In this study, WAAM process of the Tie6Ale4V alloy was
evaluated for the CMTeGMA process in the EP and EN modes.
The process stability was examined by high-speed imaging
and electric signals waveforms. Physical phenomena, such as
plasma formation, wire melting, and molten pool behavior,
were discussed for both modes. Consequently, we derived the
following conclusions:
(1) In the EP mode, cathode spots were formed on the
highest temperature region of the molten pool, and a
strong cathode jet was established from the cathode
spots to the anode electrode wire. The cathode jet with
the opposite direction to the arc plasma interfered with
the stability of the arc plasma, wire melting, and droplet
transfer into the molten pool.
(2) In the EN mode, cathode spots were established from
the hanging droplet at the end of the wire to the molten
pool, and the stable cathode jet was observed within the
arc plasma. The stability of the arc plasma, wire

j o u r n a l o f m a t e r i a l s r e s e a r c h a n d t e c h n o l o g y 2 0 2 2 ; 1 9 : 6 8 5 e6 9 6

melting, and droplet transfer was considerably
enhanced compared with those of the EP mode.
(3) In the EN mode, a high deposition speed without
humping, wide bead, and low wetting angles were
confirmed, which enhanced the WAAM efficiency. The
improvement in the deposition bead shape could be
attributed to molten pool depression and the stable and
more distributed heat input to the molten pool.
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